The analysis of Cu distribution in pre-treated mine tailings after electrodialytic remediation was carried out by using two methods of sequential extraction. The initial content of copper in the tailings was 1109 mg Cu/kg of dry tailing, where close to 40% of the sample in weight corresponded to a soluble fraction. The tailing was treated with a leaching solution for 24 h. Three different solutions were tested: H 2 SO 4 + HNO 3 with pH = 1.9; H 2 SO 4 + HNO 3 with pH = 4.2; and NH 4 Cl 0.8 mol/L with pH = 5.5. After that, electrodialytic remediation experiments were carried out using an electric field of 2.7 V/cm for 15 days. The best performance for the complete cell was obtained with H 2 SO 4 + HNO 3 solutions, with a copper removal efficiency in the range of 62% to 67% and a current efficiency between 6% and 9%. The results of the remaining copper concentration between anode and cathode, from both procedures of sequential extraction, showed similar trends. The differences were mainly attributed to the use of different extractant solutions and extraction times. Soluble and exchangeable fractions were easily removed, with efficiencies higher than 80%. The lowest copper removal efficiency was obtained with NH 4 Cl 0.8 mol/L.
Introduction
Mining is one of the most important economic activities in Chile, however, it generates large amounts of waste products, particularly when processing sulfide ores from porphyry copper deposits [1] . The main residue from mining activities are tailings, which consist of a mixture between fine-grained ground-up rock and processed water with dissolved metals and reagents that remain after the minerals of economic importance have been extracted. Their disposal is one of the major important environmental issues in a copper mine [2, 3] .
Several studies have been carried out about the application and usefulness of electrodialytic treatment to remove toxic metals such as Cu, As and Pb from mine tailings. Electrodialytic remediation (EDR) is a combination between the electro-kinetic method and electrodialysis in which ion exchange membranes are used to separate the soil, or other contaminated matrices, and the solutions where the metals are concentrated [4] . Generally, EDR experiments are carried out at a constant electric field or constant current [5] [6] [7] [8] .
To achieve an increase in the solubility and mobility of copper ions, highly acidic conditions are necessary. For that reason, to facilitate the electrodialytic process, leaching solutions are used [9] . Some solutions employed by the industry are a mixture between hydrochloric acid and nitric acid adjusted to different pH. Also, ammonium chloride, which allows the forming of chemical complexes with chloride and copper, is used. In both cases, the removal of copper would favor the copper dissolution [8, 10, 11] .
It is known that the toxicity and behavior of the elements depend on their chemical form in nature. Sequential extraction procedures are considered appropriate to clear up the fractionation of toxic metals between different forms and have been successfully applied to tailing analysis [9] . This kind of procedure is still used, despite its drawbacks, because they provide information on the fractionation of metals in the different lattices of the solid sample, which serves as a good compromise as it gives information on environmental contamination risks [12] .
Several studies about the potential environmental risk of metallic elements have been carried out in other countries with copper mining activities. In Morocco, Yassir et al., 2015 , studied the different associations of Cd, Cu, Pb and Zn in the mine tailings of the Draa Lasfar mine. The results suggested that Cd and Cu were mainly associated with a more mobile fraction, Pb with a less mobile fraction and Zn was essentially bound to Fe-Mn oxides [13] . The study of Pourret et al., 2016 , was focused in the analysis of the fractionation and mobility of Co and Cu in contrasting soils (soils, mine tailings, smelting waste disposal) from the Katanga mine [14] . In the research conducted by Chen et al., 2018, the acid and neutralization potential and the possibility for producing acid mine drainage from tailings collected from a reservoir at the Huogeqi mine, located in Mongolia, China, was evaluated. The results showed an insignificant quantity of acid mine drainage, where Cu in the tailing sample existed in an oxidizable form [15] .
Usually the sequential extraction methods divide the element into an exchangeable fraction, carbonate-bound fraction, Fe-Mn oxide-bound fraction, organic and sulfide fraction and residual fraction [16] [17] [18] [19] [20] . Some modifications have been proposed, such as the application of a sequential extraction procedure, which divides the sample into six fractions: water, soluble, exchangeable, carbonate-bound, Fe-Mn oxide-bound, organic-bound and residual fractions for the analysis of Cu, Cd, Ni and Zn in contaminated soils [21] . Other studies used a seven-fraction sequential extraction procedure to analyze the different associations of Cu in mine tailings. This procedure allows distinguishing between: water-soluble fractions, exchangeable fractions, oxy-hydroxides and oxides of Fe(III) in different steps, organic and secondary Cu-sulfide fractions, primary sulfide and residual silicate fractions. The optimization of the method has been developed for the analysis of arsenic, copper and vanadium, among others [21] [22] [23] .
The comparison between two sequential extraction procedures has been carried out by Anju et al. [9] , who applied a modified procedure proposed by the Community Bureau of Reference (BCR) and the Tessier's scheme to the fractionation of Cd, Zn and Pb in mine tailings. In addition, Dold [21] applied two types of sequential extraction procedures adapted according to the mineralogy of the tailings for copper fractionation.
The aim of this work is to determine the amount of removed copper from mine tailings by electrodialytic remediation and the effect of applying different leaching solutions before the electrodialytic treatment. In addition, this research studies the copper association with different fractions in the mine tailings through the cell, before and after the leaching and electrodialytic treatment. The determination of copper associated with each fraction is carried out by means of two different procedures of sequential extraction and the congruence of the results from both methods is analyzed.
Materials and Methods

Electrodialytic Remediation
Tailing samples from the El Teniente copper mine located in the VI Region of Chile were used in this study. The tailings were mixed with a pre-treatment solution in a proper ratio to obtain a humidity of 20%, stepping for 24 h before the electrodialytic experiments, with the aim to enhance the mobility of certain ions. Three different pre-treatment solutions were used: (1) H 2 SO 4 + HNO 3 (2:1 vol.) pH = 1.9;
(2) H 2 SO 4 + HNO 3 (2:1 vol.) pH = 4.2; and (3) NH 4 Cl 0.8 mol/L with pH = 5.5.
The electrodialytic experiments were carried out for 360 h with a total voltage difference between the anode and cathode of 20 V. The data were acquired online with a digital multimeter model UT60A, UNI-T (Uni-Trend Technology Co., Ltd., Shenzhen, China). For all experiments, a custom-made acrylic cylindrical cell [8, 24] with a sample compartment 8 cm in length and 5 cm in inner diameter was used. The volumes of the anolyte and catholyte compartments were 144 mL each. Cation exchange membrane CMI-7000 and anion exchange membrane AMI-7001 from Membranes International Inc. (Ringwood, NJ, USA) were used. The anode and cathode were made of titanium. The catholyte and anolyte solutions corresponding to sulfuric acid solutions 0.25 mol/L and 0.025 mol/L, respectively, were recirculated by peristaltic pumps Model MD-6-230GSO from Iwaki (Boston, MA, USA). In order to keep the pH value constant, sulfuric acid was added dropwise to the catholyte.
All reagents were analytical grade, Merck, Kenilworth, NJ, USA: H 2 SO 4 95%-97% (ISO grade); HNO 3 65% (Ph Eur, ISO); and NH 4 Cl and HCl 37% (ACS, Ph Eur, ISO).
Copper Removal Efficiency
The effectiveness of electrodialytic treatment for copper removal can be quantified through copper removal efficiency calculation using Equation (1):
where η Cu removal,i is the removal efficiency for copper associated to fraction i, m Cu initial,i is the initial concentration of copper associated to fraction i and m Cu f inal,i is the final concentration of copper associated to fraction i. The copper mass was expressed in g. The removal copper efficiency of total cells was calculated with the mass of copper present in the tailing at the beginning and at the end of each experiment in the complete cell.
Copper Efficiency
Current efficiency is defined as the ratio between the mass of copper effectively transported and the theoretical mass that should be transported. Current efficiency was calculated using Equation (2):
where η current is the current efficiency, M Cu exp is the mass of copper transported in each experiment and M Cu theo is the theorical mass of copper predicted by Faraday Law at 100% efficiency. The copper mass was expressed in g.
Sequential Extraction Procedures
The analysis of treated tailings was carried out by two different procedures of sequential extraction. The first procedure, corresponding to Tessier [19, 20] , divides metals into six fractions, i.e., water-soluble, exchangeable, carbonate-bound and extractable at pH = 5, Fe-Mn oxide-bound, organic, sulfide-bound and residual. The sequential extraction steps proposed by Tessier have been widely used for metal partitioning in soil and sediments. The second procedure [21] divides metals into seven fractions, distinguishing between iron oxides and hydroxides and primary and secondary sulfides. This method has been adapted to the mineralogy of mine tailings from Cu-sulfide ores. A brief description of both procedures for 1 g of sample is given below.
The total mass of tailing was divided into six slices of equal thickness (0.013 m). The slice to be analyzed was homogenized before the analysis by sequential extraction.
Sequential Extraction Method-Six Fractions
Soluble fraction: The sample was centrifuged for 2 h with 15 mL of deionized water at room temperature.
Exchangeable fraction: The residue of the soluble fraction was mixed with 8 mL of 1 mol/L MgCl 2 at pH 7 and stirred for 1 h at room temperature.
Carbonate-bound fraction and/or acid-extracted fraction: The residue of the previous fraction was extracted with 8 mL of NaOAc (adjusted to pH = 5.0 with HOAc) by stirring for 5 h at room temperature.
Iron and manganese oxide-bound fraction: The residue of the carbonate-bound fraction was extracted at 96 • C with 15 mL of 0.04 mol/L NH 2 OH·HCl in 25% v/v HOAc for 6 h at room temperature with occasional stirring.
Organic matter and sulfide fraction: The residue of the previous fraction was extracted at 85 • C for 3 h with occasional stirring with a mixture of 3 mL 0.02 mol/L HNO 3 and 5 mL 30% H 2 O 2 adjusted to pH = 2.0 with HNO 3 . A second 3 mL aliquot of 30% H 2 O 2 (pH = 2.0 with HNO 3 ) was added, maintaining the same temperature and with occasional stirring. When the sample was cool, 5 mL of NH 4 OAc in 20% v/v HNO 3 were added. The samples were diluted to a final volume of 20 mL and agitated continuously for 30 min.
Residual fraction: The residue of the previous fraction was digested with a solution of HCl-HNO 3 , with stirring for 16 h at room temperature [19, 20] .
Sequential Extraction Method-Seven Fractions
Soluble fraction: The sample was centrifuged for 1 h with 50 mL of deionized water at room temperature.
Exchangeable fraction: The residue of the previous fraction was extracted by stirring with 1 mol/L NH 4 Ac adjusted to pH = 4.5 for 2 h at room temperature.
Fe(III) hydroxide fraction: The residue of the previous fraction was extracted with 0.2 mol/L ammonium oxalate at pH = 3.0 and stirred for 1 h at room temperature in the dark.
Fe(III) oxides fraction: The residue of the Fe(III) hydroxide fraction was extracted with 0.2 mol/L of ammonium oxalate adjusted to pH = 3.0 and placed in a 80 • C hot bath for 2 h.
Organic matter and secondary sulfides fraction: The residue of the previous fraction was mixed with 30% H 2 O 2 and stirred for 1 h at 80 • C.
Primary sulfide fraction: The residue of the previous fraction was extracted with a boiling combination of KClO 3 and HCl for 45 min, then boiling 4 mol/L HNO 3 was added and the mixture was stirred for 40 min.
Residual fraction: The residue of the primary sulfide fraction was extracted by stirring with a mixture of HNO 3 and HCl for 16 h at room temperature [19] .
In both cases, after each extraction, the solid/liquid separation was carried out by centrifugation for 30 min. The supernatants were removed with a pipette and the sample was filtered with 0.8 µm polycarbonate membrane, diluted to 25 mL and analyzed for metal content. The residue was washed for 30 min before the next extraction.
Copper concentration in liquid samples was measured by atomic absorption spectrometry using a SpectrAA Varian spectrometer.
In the case of the tailing sample, no organic matter or carbonate fraction were expected. Therefore, these terms were omitted in the following text.
The reagents used in both methods were analytical grade, Merck, Kenilworth, NJ, USA: 30% hydrogen peroxide (ISO); magnesium chloride hexahydrate (Ph Eur, ISO); hydroxylamine hydrochloride (ACS, 98%); anhydrous sodium acetate (ACS, Ph Eur); di-ammonium oxalate monohydrate (Ph Eur, ACS, ISO); and acetic acid (96%).
Other Measurements
Copper concentration in solid samples was measured according to Danish Standard (1982) Determination of metals in water, sludge and sediments-general guidelines for determination by atomic absorption spectrometry in flame. Ds 259, as follows: 1 g of sample with 10 mL of distilled water and 10 mL of concentrated HNO 3 was diluted to the mark in a 100 mL flask and autoclaved at 120 • C and 200 kPa for 1 h. The sample was cooled and filtered using filter paper with a pore size of 0.45 µm. The solution was analyzed using a SpectrAA Varian spectrometer. pH was measured according to U.S. Environmental Protection Agency (US EPA), Method 9045. Water content was measured by weight loss after drying for 24 h at 105 • C in a furnace.
All measurements were carried out in three replicate samples and their average values are presented here.
Results and Discussion
Tailing samples (pH = 3.9) with an initial concentration of 1109 ± 32 mg Cu/kg of dry tailing were used in this research.
The copper concentrations associated with each fraction in both methods of sequential extraction for non-treated tailings are presented in Tables 1 and 2 . As can be seen from Tables 1 and 2, irrespective of the sequential extraction procedure used, close to 40% of copper was associated with the soluble fraction, copper total sulfides (primary and secondary) corresponded to 30% of the total copper and lower percentages corresponded to exchangeable and Fe oxide fractions.
The difference in the soluble fraction between both procedures could be attributed to the different times of extraction and water volumes.
The exchangeable fraction, which contains weakly adsorbed copper, is quite low compared to the total copper content as expected (close to 20% of the total copper). A higher fraction was extracted with ammonium acetate at pH = 4.5, compared to the use of a solution of magnesium chloride with pH = 7. This could be linked with the more acidic condition generated by ammonium acetate.
The extractable fraction at pH = 5 and Fe-Mn oxides in the case of the six-fraction procedure and Fe oxides and hydroxides in the case of the seven-fraction procedure cannot be directly compared due to the use of different extractant solutions, although it is possible to infer a higher concentration of copper compounds associated with iron hydroxides than oxides in the case of the second procedure.
The sulfide fraction in the case of the six-fraction procedure was 343.8 mg Cu/kg of dry tailing, which approximately corresponded to the sum of secondary and primary sulfide fractions in the case of the seven-fraction procedure, where the analysis indicated a concentration of 82.5 and 270.4 mg Cu/kg of dry tailing, respectively (total = 352.9 mg Cu/kg of dry tailing).
The residual fraction was determined by the same procedure. Copper concentrations differed by 1.3%.
The seven-fraction procedure gave additional information compared to the six-fraction procedure, especially when Fe oxides and hydroxide analysis was relevant. The two procedures showed similar results, with discrepancies that can be associated with the use of different extractants and times of extraction, thus the fraction pattern obtained by the six-fraction procedure was F1-1 > F1-5 > F1-6 > F1-2 > F1-3 > F1-4 and in the case of the seven-fraction procedure F2-1 > F2-6 > F2-7 > F2-2 > F2-5 > F2-3 > F2-4, showing the importance of the soluble fraction since, in the face of a more acidic pH, this part of copper will be liberated into the environment with the respective pollution problems.
The current efficiency for copper removal and the removal efficiency of the electrodialytic process are presented in Table 3 . The results of experiments showed that the studied process allows the removal of copper from pre-leached and electro-remediated tailings. As can be seen from Table 3 , higher removal efficiencies for copper were obtained with a leaching solution with H 2 SO 4 + HNO 3 . The variation between different pH levels was less than 5 percentage points, obtaining a 67.4% with pH = 1.9 and 62.1% with pH = 4.2. The lowest efficiency, close to 50%, was obtained with a leaching solution of ammonium chloride. Current efficiency behaves similarly to the copper removal efficiency, achieving 9% when a leaching solution of H 2 SO 4 + HNO 3 pH = 1.9 was used.
The ratio C/C 0 is presented in Figures 1 and 2 , where C 0 is the initial concentration of copper in the slice before all treatments and C is the concentration of copper in the same slice of tailing at the end of leaching and electrodialytic treatment for each analyzed fraction by the extraction sequential method, where the six-fraction procedure is presented in Figure 1 and the seven-fraction procedure in Figure 2 . The seven-fraction procedure gave additional information compared to the six-fraction procedure, especially when Fe oxides and hydroxide analysis was relevant. The two procedures showed similar results, with discrepancies that can be associated with the use of different extractants and times of extraction, thus the fraction pattern obtained by the six-fraction procedure was F1-1 > F1-5 > F1-6 > F1-2 > F1-3 > F1-4 and in the case of the seven-fraction procedure F2-1 > F2-6 > F2-7 > F2-2 > F2-5 > F2-3 > F2-4, showing the importance of the soluble fraction since, in the face of a more acidic pH, this part of copper will be liberated into the environment with the respective pollution problems.
The current efficiency for copper removal and the removal efficiency of the electrodialytic process are presented in Table 3 . The results of experiments showed that the studied process allows the removal of copper from pre-leached and electro-remediated tailings. As can be seen from Table 3 , higher removal efficiencies for copper were obtained with a leaching solution with H2SO4 + HNO3. The variation between different pH levels was less than 5 percentage points, obtaining a 67.4% with pH = 1.9 and 62.1% with pH = 4.2. The lowest efficiency, close to 50%, was obtained with a leaching solution of ammonium chloride. Current efficiency behaves similarly to the copper removal efficiency, achieving 9% when a leaching solution of H2SO4 + HNO3 pH = 1.9 was used.
The ratio C/C0 is presented in Figure 1 and Figure 2 , where C0 is the initial concentration of copper in the slice before all treatments and C is the concentration of copper in the same slice of tailing at the end of leaching and electrodialytic treatment for each analyzed fraction by the extraction sequential method, where the six-fraction procedure is presented in Figure 1 and the seven-fraction procedure in Figure 2 . The copper concentration associated with the soluble fraction, determined by both procedures, showed similar behavior. The analysis by the seven-fraction procedure gave lower concentrations of copper in all analyzed slices, which is consistent with the previously presented results. The fact could be linked to the total time of extraction by centrifugation. In any case, copper associated with this fraction is easily removed and it can be of concern in the case of the exposure of tailings to rain. The copper concentration associated with the soluble fraction, determined by both procedures, showed similar behavior. The analysis by the seven-fraction procedure gave lower concentrations of copper in all analyzed slices, which is consistent with the previously presented results. The fact could be linked to the total time of extraction by centrifugation. In any case, copper associated with this fraction is easily removed and it can be of concern in the case of the exposure of tailings to rain.
In the case of the exchangeable fraction, a similar trend was seen in both cases, although a different extractant solution and pH value was used. The general behavior was a higher removal in the complete cell except for the slice closest to the cathode, where copper accumulation was observed clearly, showing the movement of copper cations from anode to cathode.
The sulfide concentration determined by the sequential extraction of the six-fraction procedure should be close to the sum of primary and secondary sulfide corresponding to the seven-fraction procedure. In this respect, the total sulfide concentration was quite similar by both methods, as is presented in Table 1 , and is equivalent to the part of the sample that is released in case of a more oxidative environment. The tendency of the concentration values between anode and cathode was consistent with a higher removal of copper closest to the anode and a slight accumulation towards the cathode for both procedures. A higher removal of copper associated with these fractions was obtained with the pre-treating solution corresponding to H 2 SO 4 + HNO 3 with pH = 1.9, followed by the same solution with pH = 4.2. Finally, with NH 4 Cl 0.8 mol/L the lowest removal was obtained.
The concentration of copper associated with the residual fraction showed similar results by both methods. The most notorious difference was with respect to the solution of NH 4 Cl 0.8 mol/L. Both methods indicated the best performance with H 2 SO 4 + HNO 3 solutions. The release of copper associated with this fraction was more difficult, although an increase in the removal was observed towards the anode.
The removal efficiencies of copper for each fraction and treatment solution after electrodialytic treatment are presented in Table 4 in the case of the six-fraction procedure and in Table 5 in the case of the seven-fraction procedure. An easier removal was achieved in the case of copper associated with the soluble fraction with efficiencies higher than 80%. The exchangeable fraction of copper and copper associated with compounds released in acidic environments were removed with efficiencies between 50% and 60%, where a more acidic leaching solution showed the best performance. Soluble and exchangeable fractions will be easily released under little environmental changes. For this reason, these fractions have a high polluting potential. The treatment proposed allows much of the compounds associated to these fractions to be removed from the tailings.
In the case of sulfides, both methods showed the same trend with a higher removal with a mixture of H 2 SO 4 and HNO 3 , pH = 1.9. However, the seven-fraction procedure allowed us to differentiate between secondary and primary sulfides, where primary sulfide removal showed removal efficiencies higher than secondary sulfides, 37% to 64% and 36% to 46%, respectively, depending on the leaching solution. Possibly, the greater presence of primary sulfides than secondary sulfides promoted these results, but it must be confirmed by subsequent studies.
Conclusions
Copper distribution in mine tailings pre-treated with three different leaching solutions and electro-remediated by electrodialysis was analyzed by two different procedures of sequential extraction. One of them divided the sample into six fractions and the other into seven fractions, contradistinguishing primary and secondary sulfides, iron oxides and hydroxides.
The studied treatment allowed us to remove copper with copper removal efficiencies between 53% and 67%, depending on the leaching solution used as pre-treatment. The best performance was obtained with the solution of H 2 SO 4 + HNO 3 adjusted to pH = 1.9 with a current efficiency close to 10%.
The results obtained from the application of both procedures of sequential extraction were consistent. Both procedures showed the same trend of copper concentration between anode and cathode, higher removal in the slices closest to the anode and lower removal closest to the cathode, even having an accumulation of copper in some cases.
Both methods indicated that most copper was associated with the soluble fraction, achieving for this fraction removal efficiencies close to 80% after the treatment.
The seven-fraction procedure gave more specific information, however, the higher removal of copper associated with primary sulfides than secondary sulfides needs to be more deeply studied.
The mobility and bioavailability of copper depends on the mineralogical and chemical form in which it occurs. The use of leaching or process solutions could also modify the mobility of copper. For these reasons, it is not possible to ensure the consistency of both procedures for all types of tailings. However, the usefulness of both procedures was demonstrated in the case of the studied tailing and it is possible to use them to predict the possible changes in the residue under specific conditions. 
